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Abstract
BACKGROUND: Sorption and dissipation of aged metolachlor were characterized in rehabilitated and eroded prairie soils using
sequential batch slurry (conventional) and accelerated solvent extraction (ASE).
RESULTS: In spite of an almost twofold difference in soil organic carbon (OC) content, S-metolachlor sorption coefficients (Kd)
and dissipation rates (DT50) were the same in soils from different landscape positions within an eroded landform. Soil was
moved within the landform to increase productivity. In areas receiving topsoil addition, S-metolachlor Kd was higher and DT50
was longer than in eroded areas. The efficiency of extraction was higher for ASE than for conventional extractions. No consistent
aging effect on Kd was observed. Mineralization in 8 weeks accounted for<10% of the applied metolachlor.
CONCLUSION: The results of this laboratory study support a field dissipation study. Both showed that S-metolachlor has the
same retention and dissipation rate throughout an eroded landform, which was not expected owing to the large variability
in soil properties, including OC concentrations. Altering soil properties by adding topsoil increased metolachlor sorption and
persistence. The method of extraction (conventional versus ASE) affected calculated sorption coefficients and dissipation rates.
In all cases, groundwater ubiquity scores (GUSs) categorized metolachlor as having intermediate mobility.
Published 2012 by John Wiley & Sons, Ltd.
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1 INTRODUCTION
Long-term (∼100 years) cultivation of hilly prairie landforms in the
northern corn belt has resulted in eroded upper slope positions,
with low organic carbon contents throughout the profile, and
subsoil material close to the soil surface. Topsoil accumulation in
areas of decreasing slope results in relatively high organic carbon
throughout the upper profile and a large depth to the C horizon.1
In such landforms, crop yields are spatially variable, corresponding
to the variation in soil properties.1–5
In eroded landforms, soil chemical and physical properties
that influence herbicide fate are highly variable with landscape
position,1,6 resulting in spatially variable sorptionanddegradation.
Herbicide sorption coefficients in surface soil tend to correlatewith
organic carbon contents. This results in low sorption coefficients
in upper slope positions that are low in organic carbon, and higher
sorption coefficients in depressional areas where organic carbon
contents are higher; backslope soil sorption coefficients havebeen
observed to be intermediate between those in upper and lower
slope positions.7–9 Pesticide degradation rates are also spatially
variable in both surface soil and subsurface soil.8,10,11 The rate of
mineralization of several herbicides in surface soil was significantly
faster in the upper slope than in the lower slope,8,11 presumably
owing to lower sorption in the upper slope soils.
In addition to sorption–desorption and degradation pro-
cesses being affected by properties of both the soils and
pesticides,12,13 they are also influenced by soil–pesticide contact
time (aging).14–17 Pesticides that persist in soils often become
increasingly less available for leaching and degradation, as
indicated by markedly declining rates of biodegradation with
aging.17–20
One approach to increasing the overall productivity of eroded
landscapes is soil-landscape rehabilitation, in which topsoil is
moved from areas of net soil accumulation (areas of decreasing
slope) to areas of net soil loss (convex landscape positions). Such
intralandform soil movement can result in increased uniformity in
soil properties across the landform and increased productivity in
areas of soil addition.5 For instance, in the prairie pothole region
of North America, soil-landscape rehabilitation increased grain
yields by 10–90% in areas of soil addition compared with eroded
hilltops.5,21
Management practices implemented to increase productivity,
such as topsoil movement for soil-landscape rehabilitation,
also affect physical and chemical properties of soils5,6 that
may influence pesticide fate and behavior. The availability of
agrochemicals for transport and degradation processes in soil
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is characterized by the partition coefficient (Kd), the ratio of
agrochemical in the sorbed phase to that in the dissolved
phase. Partition coefficients are traditionally determined by direct
measurementwith the slurry or batchmethod, which has a variety
of disadvantages.13,22 Another method to determine sorption Kd,
particularly for aged residues, is a sequentialbatchslurryextraction
in which soil is first extracted using a mild aqueous solvent,
followed by a more vigorous organic solvent extraction.14–16,19
Highly efficient methods, such as accelerated solvent extraction
(ASE),havebeendevelopedtoextractagedpesticide residues from
soil by varying the extraction solvent, temperature and pressure.23
In sequential extraction, the pesticide in the aqueous extract is
taken as the solution concentration; this fraction is considered
to be readily available for uptake, leaching and degradation.
The organic solvent extract is considered to be the sorbed or
‘potentially’ available pesticide.17,18,20 Because it characterizes
both the amount and the partitioning of agrochemicals in soil,
sequential solvent extraction of aged samples can provide both
sorption (Kd) and degradation (DT50) data.
In this work, the Kd was determined for aged residues of the
chloroacetanilide herbicide S-metolachlor, using sequential batch
slurry and ASE as extraction methods. Metolachlor is a selective
herbicide used to control specific annual grasses and broadleaf
weeds inagricultural crops, includingcorn, soybean, and sorghum.
S-Metolachlor is the third most heavily used herbicide in the
United States (14–16 million kg used in the agriculture sector
in 2007)24 and is detected frequently in ground and surface
water.25–27 The overall objective was to determine the sorption
anddissipationof aged S-metolachlor residuesoneroded soils and
those rehabilitatedbysoilmovement.This informationcontributes
to a better understanding of the effects of management practices
on metolachlor sorption and dissipation, which is essential to
characterize its weed control efficacy and availability for off-site
transport.
2 EXPERIMENTAL METHODS
2.1 Soils
Soil cores were collected in June 2009 from a field near Morris,
MN (45.65 ◦N, 95.83 ◦W). The site was divided into six plots, and
each plot was divided into six subplots according to the landscape
position: summit, shoulder, upper backslope, lower backslope,
footslope and toeslope. Three of the plots were rehabilitated in
November 2005 by removing the top 15–20 cm of soil from the
footslope and toeslope and adding 15–20 cmof soil to the surface
of the summit, shoulder and upper backslope subplots, followed
by tillage to 20–25 cm depth. The other three plots remained
in their eroded condition (undisturbed). More details about the
site can be found in Papiernik et al.5 Between 2005 and 2009, the
site was cropped to soybean and corn, following standard local
practices.6
For this study, soil was collected from the upper 15 cm of
the shoulder and footslope subplots of each of the six plots.
These landscape positions were selected as being representative
of eroded and depositional areas in this landform, avoiding the
extremes on either end. Samples from replicated field plots were
considered to be laboratory replicates as well, giving triplicate
samplesof four soils: rehabilitated shoulder, undisturbedshoulder,
rehabilitated footslope and undisturbed footslope.
Soils were dried and sieved through a 2 mm mesh screen.
Properties of the soils are shown in Table 1. Particle size analysis
was done only before the rehabilitation; soil from the undisturbed
shoulder was a clay loam, with 22 ± 0.9% clay and 25 ± 1.0%
silt; soil from the undisturbed footslope was a sandy loam, with
19 ± 1.2% clay and 26 ± 1.1% silt. The concentration of organic
carbon (OC)was higher in soil from the rehabilitated shoulder than
in soil from the undisturbed shoulder, but there was no difference
in OC in the footslope (Table 1).
2.2 Chemicals
S-Metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-meth-
oxy-1-methylethyl) acetamide] (98% purity) was purchased from
Sigma-Aldrich (St Louis, MO). Uniformly ring-labeled [14C] meto-
lachlor (2.02 MBq mg−1 and 99.2% radiochemical purity) was
supplied by Syngenta. Solvents (methanol and acetonitrile, HPLC
grade; dichloromethane, reagentACSgrade)werepurchased from
Fisher Scientific (Pittsburgh, PA) and were used as supplied.
2.3 Metolachlor addition and incubation
An aliquot of each soil sample (10 g dry weight) was weighed
into a glass tube. S-Metolachlor (in methanol) was added to each
soil sample to achieve a herbicide concentration of 1 µg g−1 with
84 Bq 14C g−1. This is typical of surface soil concentrations of S-
metolachlor following stand-alone application. After evaporation
of the methanol (∼1 h), distilled water was added to the soil
to reach a soil moisture content of 20% (w/w). Glass wool was
placed on the soil surface, and one vial containing 1 mL of 0.5N
NaOH was placed on the glass wool to trap the 14CO2 formed
from 14C-metolachlor mineralization. The tubes were capped, and
soil samples were incubated in the dark at constant temperature
(25±1 ◦C) for 0, 2 or 8 weeks. Moisturewasmonitoredweekly and
adjustedwhenneededback to 20%with distilledwater. TheNaOH
traps were replaced weekly. After trap removal, 5 mL of Ecolite
scintillation cocktail was mixed with the NaOH and analyzed as
described in Section 2.6.
2.4 Conventional sequential extraction of metolachlor
Soil samples were extracted by shaking overnight (>20 h)
with 20 mL of 0.01N CaCl2 on a reciprocating shaker. After
Table 1. Selected properties of the shoulder and footslope soils
Shoulder Footslope
Rehabilitated Undisturbed Rehabilitated Undisturbed
Organic carbon (g kg−1) 34 ± 2 13 ± 2 23 ± 3 22 ± 2
pH in CaCl2 7.66 ± 0.01 7.73 ± 0.04 7.71 ± 0.02 7.69 ± 0.01
EC (µS cm−1) 330 ± 14 230 ± 6 270 ± 12 270 ± 5
Bulk density (g cm−3) 1.22 ± 0.03 1.24 ± 0.04 1.39 ± 0.09 1.26 ± 0.05
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centrifugationat 370×g for 30 min, the supernatantwas removed.
The volume of supernatant was measured, a 1 mL aliquot was
mixed with 5 mL of Ecolite scintillation cocktail (MP Biomedicals,
Solon,OH) and the radioactivitywasmeasuredasdescribedbelow.
This provided a measurement of the CaCl2-extractable total 14C
(metolachlor and metabolites) in each sample. To determine
the amount of parent metolachlor in the aqueous extract,
the remaining aqueous supernatant was extracted twice with
dichloromethane (4 : 1 aqueous supernatant : dichloromethane,
v : v), and the two extracts were mixed and evaporated with N2
just to dryness at 35 ◦C. The residues were dissolved with 1 mL
acetonitrile : water (10 : 90 v : v) and filtered with 0.45 µm PTFE
filters (Millipore, Billerica, MA). The samples were stored at 4 ◦C
until analysis of metolachlor by HPLC as described in Section 2.6.
The soil was then extracted with 20 mL of acetonitrile : water
(90 : 10 v : v) by shaking for 20 h on a reciprocating shaker.
Samples were centrifuged at 370 × g for 30 min, and then
the supernatant was removed and the volume measured. A
1 mL aliquot of the supernatant was mixed with 5 mL of
Ecolite scintillation cocktail and the radioactivity was measured
(to give acetonitrile-extractable 14C). To determine acetonitrile-
extractable metolachlor, the acetonitrile in the remaining extract
was evaporated with N2 at 35
◦C. Samples were passed through
0.45 µm PTFE filters and stored at 4 ◦C until analysis of the parent
herbicide by HPLC.
2.5 Sequential accelerated solvent extraction (ASE)
of metolachlor
ASE extractionwas performed using a Dionex ASE 300 accelerated
solvent extractor (Sunnyvale, CA) equipped with 33 mL cells.
Triplicate soil samples (10 g) were thoroughly mixed with 2.5 g
of hydromatrix (used as drying and dispersing agent) and 15 g
of quartz sand to completely fill the cell. Soil samples were
first extracted for 15 min static equilibration with 0.01N CaCl2
at 10.3 MPa pressure and 25 ◦C. The cells were rinsed with 30% of
the extraction cell volume, the aqueous extracts were collected
in 250 mL bottles and the volume was measured (28–35 mL). A
second extraction was performed with acetonitrile : water (90 : 10
v : v) using a static extraction time of 5 min, a pressure of 10 MPa,
an oven temperature of 100 ◦C and a heat time of 5 min. The cells
were rinsed with 30% of the extraction cell volume, the extracts
were collected in 250 mL bottles and the volume was measured
(34–46 mL). Radioactivity and the concentration ofmetolachlor in
each sample were determined as described for the conventional
extraction.
2.6 Analysis of 14C and metolachlor
2.6.1 14C in extracts
Radioactivity in vialswas counted for 10 min in a liquid scintillation
counter (Tri-Carb 1500; Packard, Waltham, MA). Vials were kept in
the dark overnight prior to analysis to reduce chemiluminescence.
2.6.2 Metolachlor in extracts
A Waters HPLC with a diode array detector and a Zorbax SB-C18
column (4.6× 150 mm, 5 µmfilm thickness) was used for analysis.
The mobile phase was a gradient of 0.1% formic acid acetonitrile
and purified water, starting at 10% acetonitrile and changing to
90% at 5 min, remaining constant for 3 min and then decreasing
to 10% acetonitrile at 11 min. The flow rate was 1 mL min−1. The
injection volume was 50 µL. One fraction was collected from 0 to
5 min, a fraction was collected every 30 s until 11 min and the last
fraction was collected from 11 to 15 min. Aliquots (0.5 mL) of each
fractionwere removed andmixedwith 5 mL of Ecolite scintillation
cocktail and analyzed by liquid scintillation counting to calculate
the percentage of parent 14C-metolachlor in the extracts.
2.6.3 Unextracted 14C residues
After extraction, the moisture content of each soil sample was
determined. Soil (0.33 g dry weight) was combusted in a sample
oxidizer (Packard 307; Packard, Waltham, MA). The 14CO2 released
from the oxidizer was chemically trapped (Carbo-Sorb E mixed
with Permafluor V; PerkinElmer, Waltham, MA), and the 14C was
quantified by liquid scintillation counting, as described for 14C in
extracts.
2.7 Sorption coefficients
SorptioncoefficientswerecalculatedasKd = Cs/Ce,whereCe is the
metolachlor concentration in the aqueous phase (extracted with
0.01NCaCl2 solution)andCs is themetolachlorconcentration in the
sorbed phase (extracted with acetonitrile). Sorption coefficients
were normalized to the fraction of organic carbon in the soil
(fOC) to give KOC = (Kd/fOC). Sorption coefficients were calculated
separately for both ASE and conventional extraction of each soil
at each incubation time.
The rate of dissipation of the extractable metolachlor was
determined from the total extracted metolachlor (aqueous plus
acetonitrile) at each incubation time. Dissipation rates were
determined by fitting the total extractable metolachlor to a first-
order kinetic model C = C0 e−kt , where C and C0 are the amount
of metolachlor extracted at time = t and time = 0 respectively,
and k is the decay coefficient. Dissipation half-lives (DT50) were
calculated as DT50 = ln(2)/k.
The groundwater ubiquity score (GUS) was calculated to
evaluate the predicted mobility of S-metolachlor in each soil.
This index28 uses sorption and degradation rates to categorize
the leaching potential of contaminants in soil: GUS = logDT50×
[4 − log KOC]. Chemicals with GUS < 1.8 may be considered as
non-leachers, and those with GUS > 2.8 as leachers.28
2.8 Statistical analyses
Two-sample t-tests were used to evaluate differences in Kd and
KOC with extraction method (conventional extraction versus ASE)
for the same soil and incubation time. One-way ANOVA and the
Fisher’s LSD test were used to evaluate differences in Kd and KOC
values for the four soils for fixed incubation time and extraction
method. This analysis was also used to determine differences in Kd
over time (aging effect) for the same soil and extraction method.
3 RESULTS AND DISCUSSION
3.1 Metolachlor sorption and dissipation in eroded landform
In both the shoulder and footslope of the eroded landform, Kd
of S-metolachlor was 3.1 mL g−1 in freshly spiked soil. In contrast
to some previous reports for other herbicides,7–9 there was no
significant difference in metolachlor sorption to undisturbed soils
from the upper and lower slope (Table 2), in spite of an almost
twofold difference in organic carbon content (Table 1). Although
determined using a sequential solvent extraction method, these
Kd values are within the range reported for metolachlor sorption
coefficients determined by the batch equilibration procedure.29
The results of these studies suggest that soil characteristics
(structureof native soil organicmatter, presenceof other sorbents)
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Table 2. S-metolachlor sorption coefficients and dissipation rates in rehabilitated and undisturbed soils, determined using ASE and conventional
extraction. Sorption coefficients are for samples with no aging. Mineralization and unextracted 14C are for samples incubated for 8 weeks. Values are
the mean ± standard errora
Shoulder Footslope
Parameter Extraction method Rehabilitated Undisturbed Rehabilitated Undisturbed
Kd (mL g−1)b Conventional 5.4 ± 0.9 a 3.1 ± 0.7 b 3.5 ± 0.1 b 3.1 ± 0.2 b
ASE 9.0 ± 0.6 a 7.1 ± 0.7 b 6.6 ± 0.2 b 5.8 ± 0.2 b
KOC (mL g−1) Conventional 160 ± 25 ab 237 ± 50 a 152 ± 6 ab 139 ± 9 b
ASE 266 ± 17 b 544 ± 57 a 286 ± 9 b 263 ± 10 b
DT50 (days)c Conventional 29 (25–35) b 15 (13–17) a 36 (29–45) b 15 (12–20) a
ASE 36 (34–39) b 26 (23–30) a 38 (34–44) b 26 (23–29) a
Mineralization (% of applied) Conventional 3.7 ± 0.1 b 7.7 ± 0.4 a 4.0 ± 0.1 b 7.0 ± 0.1 a
ASE 4.0 ± 0.1 b 8.0 ± 0.4 a 3.9 ± 0.1 b 7.6 ± 0.1 a
Unextracted 14C (% of applied) Conventional 46.3 ± 0.8 a 45.5 ± 1 a 45.6 ± 2 a 43.7 ± 0.5 a
ASE 32.1 ± 3 a 30.0 ± 4 a 31.9 ± 4 a 35.3 ± 2 a
a Values in the same row followed by different lower-case letters are significantly different.
b For each soil, Kd and KOC values for samples extracted using ASEwere significantly higher than for samples extracted using the conventionalmethod.
c Values in parentheses are the range in DT50, calculated from the standard error in k.
are important in determining sorptivity, as discussed inWauchope
et al.13 Because the undisturbed shoulder soil had about half the
OC content of the other soils, KOC was highest in this eroded soil
(Table 2). For freshly spiked soils, normalizing Kd values to the fOC
did not affect the variation in sorption coefficients.
For all samples, mineralization accounted for <10% of the
applied metolachlor within the first 8 weeks (Table 2), similar to
previous reports.30 Metolachlor dissipated at the same rate in soil
from the shoulder and footslope positions (Table 2). These DT50
valuesweresimilar to thoseofafielddissipationstudy31 conducted
at the site from which the soils used in these laboratory studies
were collected. In the field studies, which included a growing
corn crop, DT50 values were 24–29 days, with no significant
difference in dissipation rates among landscape positions.31 These
laboratory tests confirm that, in spite of significant differences
in soil properties, dissipation proceeded at approximately the
same rate in soils from different landscape positions within an
eroded landscape. Unlike some other studies,8,11 no differences in
herbicide mineralization rates were observed between different
landscape positions.
3.2 Metolachlor sorption and dissipation in rehabilitated
landform
Sorption coefficients were generally higher in areas of addition of
high-organic-matter topsoil (rehabilitated shoulder) as compared
with undisturbed soil from the same landscape position, which
is attributed to the greater OC content of the rehabilitated soil
(Table 1). There was no difference in metolachlor Kd values for the
rehabilitated and undisturbed footslope soils, which had similar
OC contents. Positive correlations between the soil organicmatter
content and the sorption of chloroacetanilide herbicides have
been reported by others.32–35 The KOC values for conventionally
extracted samples with no aging averaged 170 mL g−1 (ranging
from 140 to 240 mL g−1), which is consistent with previous reports
for metolachlor sorption to a variety of soils.33,36,37 For eroded
and rehabilitated soils there was no consistent significant increase
in Kd values between samples that were not aged and samples
that were aged for 8 weeks. No statistically significant correlations
were found between Kd values and amount of chemical remaining
or soil properties.
In general, the DT50 values found in these studies agree
with those reported for field studies30,31,38–40 and laboratory
studies29,35,40,41 under soil temperatures andmoistures conducive
to microbial degradation. For conventionally extracted samples,
DT50 was shorter for undisturbed soils (DT50 = 15 days) than for
rehabilitated soils (DT50 = 30–40 days). Mineralization in 8 weeks,
although small, was significantly greater in eroded soils (∼8%
of the applied metolachlor) than in rehabilitated soils (∼4% of
the applied metolachlor) (Table 2). In these studies, metolachlor
sorption coefficients were generally higher in rehabilitated soil
than in undisturbed soil, and dissipation and mineralization
tended to be slower in rehabilitated soil than in undisturbed soil
(Table 2). Previous studies have shown that sorption of acetanilide
herbicides to soil organic matter influences bioavailability,42 as it
does for a variety of other classes of herbicides.
Using Gustafson’s28 equation, calculated GUS values were
significantly lower for theundisturbedshoulder (1.9) and footslope
(2.2) soils compared with the rehabilitated shoulder (2.6) and
footslope (2.8) soils. Based on GUS, the threat of metolachlor
leaching is greater in upper slope areas of soil addition compared
with the undisturbed (eroded) soil because metolachlor has a
smaller KOC and slower dissipation rate in rehabilitated shoulder
soil (Table 2). For all treatments,GUSvalues formetolachlor classify
it as intermediatebetweenanon-leacherand leacher. These results
are in basic agreement with the field dissipation study, which
showed no differences in metolachlor leaching or dissipation in
rehabilitated and undisturbed soils.31
3.3 Accelerated solvent extraction of metolachlor
Recoveries for the sequential extraction (aqueous followed by
acetonitrile) were consistently higher for the ASE than for the
conventional extraction (Fig. 1). For samples with no aging
(time = 0), conventional extraction recovered ∼80% of the
metolachlor added to the soil, whereas ASE recovered >95%
(Fig. 1).At time0, theconventionalextractionandASEremovedthe
same amount of metolachlor during the aqueous extraction, but
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Figure 1. Fraction of metolachlor extracted with aqueous and organic solvent using ASE and conventional extraction: (A) rehabilitated shoulder;
(B) undisturbed shoulder; (C) rehabilitated footslope; (D) undisturbed footslope.
ASE removed more metolachlor during the acetonitrile extraction
(Fig. 1). The differences in extraction efficiency affected sorption
coefficients. For samples with no aging (time = 0), metolachlor
sorption coefficients were consistently significantly lower for the
conventionalextractionthanfor theASEextraction (Table 2). These
results suggest that, at least in some cases,measured Kd values can
be dependent on the method used to extract pesticide residues.
Similar differences in extraction efficiency were also observed
at other incubation times (Fig. 1). In samples incubated for 2 or
8 weeks before extraction, ASE removed an average of 60% more
metolachlor than conventional extractions in both the aqueous
and acetonitrile extracts. This generated higher Cs and Ce values,
so, for samples aged for 2 or 8 weeks, there was no significant
difference in Kd values for the conventional extraction and ASE.
The present results concur with previous reports that ASE can
remove a higher proportion ofmetolachlor residues from soil than
conventional extraction, especially from aged samples.23 Because
of these differences in extraction efficiency, samples extracted
using ASE generated longer DT50 values than the same samples
extracted conventionally (Table 2). The higher KOC andDT50 values
calculated for ASE samples resulted in GUS scores that were up
to 15% lower for ASE than for conventional extractions, but this
did not affect the GUS classification of metolachlor (intermediate
between leacher and non-leacher).
For both extraction methods, the mass balance of 14C (the
sum of aqueous- and acetonitrile-extractable 14C, mineralized 14C
and unextracted 14C) ranged from 90 to 110%. Unextracted 14C
residues in soil increased with time during the study. Unextracted
residues at 8 weeks after conventional extraction accounted for
about45%of the 14Cadded to thesoil, significantlygreater than for
ASE (∼32%) because of the lower efficiency of manual extraction
(Table 2). The formation of soil-bound residues has been shown
by others to be important in metolachlor dissipation.30,43
4 CONCLUSIONS
Recent field studies have demonstrated that adding topsoil to
eroded landforms can increase productivity5 without affecting
the rate of metolachlor dissipation or weed control provided by
metolachlor application.31 The field results were supported by
these laboratory studies. Metolachlor exhibited the same sorption
and dissipation rate in the upper slope and lower slope of an
eroded landform, in spite of an almost twofold difference in
organic carbon content between these two landscape positions.
Metolachlor Kd was higher in rehabilitated soil than in eroded
soil from the upper slope, and the rate of metolachlor dissipation
was slower in rehabilitated soil. Aggressive extraction conditions
(elevated temperature and pressure in ASE) removed a higher
proportion of sorbed metolachlor, which affected calculated
distribution coefficients, dissipation rates and predicted leaching.
The environmental significance of the varying strengths of
pesticide binding to soil requires additional investigation.
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